The porous SnO 2 photoelectrode coated by ultra-thin alumina through atomic layer deposition (ALD) technique for purpose of suppressing the interfacial charge recombination is explored in this paper. We find that an ultra-thin Al 2 O 3 coating on mesoporous SnO 2 photoelectrode significantly improves the open-circuit voltage, short-circuit current, and fill factor, as a result, leading to the increase of energy conversion efficiency. Moreover, we notice that different process parameters remarkably affect conversion efficiency, especially the open-circuit voltage. We predict that there is other model in ALD Al 2 O 3 modified porous SnO 2 to dominate the carrier transfer: the aluminum oxide coating remarkably increases the absorption ability of dye N719, which leads to a high cell efficiency.
INTRODUCTION
Dye-sensitized solar cell (DSSC) as one of the new generation solar cells attracts considerable attention because of its easy handling, cheap raw materials, low manufacturing cost and so on. Normally the dye sensitized solar cell consists of a dye sensitized nano-porous metal oxide film, interpenetrated by a hole transporting electrolyte, typically a liquid electrolyte containing an iodide/tri-iodide I − /I − 3 redox couple, and the cathode coated with a thin layer of Pt or C. To date, semiconductor solar cells dominate commercial markets with crystalline Si over 80% share. 1 To make DSSC more competitive with commercial energy production technologies, lots of research have been extensively carried out by increasing their conversion efficiency, such as TiO 2 electrode treated by O 2 plasma to reduce trap states, 2 3 blocking layers prepared on fluorine-doped tin oxide (FTO), 4 and the use of high band-gap semiconductor metal oxides like ZnO 5 or the use of insulating metal oxides such as MgO 6 and Al 2 O 7 3 between the porous metal oxide film and the dye to reduce their interface recombination. In particular the last one, which was carried out by different technologies, [8] [9] [10] mainly relied on the sol-gel process. As known in the sol-gel process, however, a higher temperature treatment is indispensable, which is limited process for DSSC, especially for flexible substrate DSSC. 11 As an alternative method atomic layer deposition (ALD), which can offer an atomic level control of the chemical structures and the thicknesses at low temperature (down to 33 C for Al 2 O 3 12 ) is then being considered. Additionally, compared with sol-gel process, ALD can offer a high conformality that is very important for nanoporous structures. It is assumed that ALD might be an ideal method to deposit nano-scale insulating metallic oxides on nanoporous structures used in DSSC.
Recently, there is lots of large-band-gap semiconductors used as the photoelectrode of dye-sensitized solar cells, but the highest energy conversion efficiency was still achieved in titanium dioxide (TiO 2 as photoelectrode. It is noticed that, however, the electron transport speed is relatively slow in TiO 2 particles. The system also requires a slow redox shuttle, usually I − /I − 3 . It significantly limits the efficiency of dye-sensitized solar cells. Therefore other semiconductors with higher electron mobility are expected to replace TiO 2 for the purpose of a fast electron transport, like SnO 2 . In addition to high mobility, SnO 2 also has larger band gap (3.6 eV) than TiO 2 (3.2 eV), 13 which will create fewer oxidative holes in the valence band and benefit to facilitate the long-term stability of DSSC. However, SnO 2 -based DSSC demonstrates a lower energy conversion efficiency, which is considered to attribute to a fast interfacial electron recombination and a low isoelectric point (IEP of SnO 2 is at pH 4∼5 whereas IEP of TiO 2 is at pH 6∼7). The low isoelectric point causes less absorption amount of the dye. 14 
ARTICLE
In this paper, we replace TiO 2 by SnO 2 as photoelectrode for dye-sensitized solar cell in the I − /I − 3 redox couple. The work is focused on ALD Al 2 O 3 coating porous SnO 2 photoelectrode for purpose of suppressing the interfacial charge recombination and the improvement of the dye absorption. The results are reported in detail in this paper.
EXPERIMENTAL DETAILS
Photoelectrodes were prepared on 15 cm −2 FTOcoated glass (NSG). Before the preparation of SnO 2 the FTOs were cleaned ultrasonically in detergent solution for 10 min, following by consequently cleaning in KOH and ethanol solutions and de-ionized water for 10 min, respectively, then drying in N 2 stream. A transparent SnO 2 nanoparticle layer was prepared by doctor blading a paste of SnO 2 nanoparticles on the FTO surface, and then annealed in air at 450 C for 30 min. The thicknesses of the SnO 2 layers were approximately 12 m. ALD Al 2 O 3 process was carried out in a home-made ALD system, which were performed at 150 C with trimethylaluminum (TMA) as metal precursor and water as oxidant. One cycle of close-mode ALD consists of the following steps: dosing TMA, closing the system, and N 2 purge; then dosing H 2 O, closing the system, N 2 purge. The period of each step is variation to explore their influence on the DSSC properties. The thickness of Al 2 O 3 was measured through spectroscopic ellipsometry. Then the growth rate per cycle is calculated as ∼1.2 Å based on 100 cycles of ALD Al 2 O 3 thickness on silicon substrates, which is consistent with the data obtained in other works. [15] [16] [17] The SnO 2 photoelectrodes with/without the ALD Al 2 O 3 coatings were immersed in cis-di(thiocyanato)-N ,Nbis(2,2 -bipyridyl-4,4 -dicarboxylic acid)-ruthenium(II) (noted as N719 dye) for 24 h of dye absorption where iodide based electrolyte was used as a redox couple. After taking out from the liquid, the treated electrodes were rinsed with ethanol for several times to remove the excess absorptive dye, and dried by N 2 stream for monolayer.
The absorption spectra were recorded with a Shimadzu UV-2501PC UV-Vis spectrometer. Electrochemical impedance spectroscope (EIS) measurement was carried out in the frequency range of 100 mHz to 100 kHz at 0.45 V with a potential pulse of 10 mV in amplitude. Surface morphology and microstructure of the coatings were characterized by field emission scanning electron microscope (FE-SEM) and transmission electron microscope (TEM), respectively. X-ray diffraction was employed to assess the crystallinity of SnO 2 coated with/without alumina. The characterization of photocurrent-density (J )-to-applied voltage (V ) (J -V ) curves was analyzed under a xenon lamp through semiconductor characterization system.
RESULTS AND DISCUSSION
Firstly we investigate the ALD Al 2 O 3 role on the cell efficiency. The primary process parameters of one cycle close-mode ALD Al 2 O 3 is as following: dosing TMA for 1 s, closing the whole system for 1 s, and N 2 purge for 15 s; then dosing H 2 O for 1 s, closing the whole system for 1 s, N 2 purge for 15 s. The SnO 2 photoelectrodes were then modified by coating with one, two, and three cycles of ALD alumina respectively, for the purpose of alumina thickness effect. Figure 1 is the comparison of the J -V characteristics of two kinds of cells with/without ALD Al 2 O 3 interlayer under AM1.5 solar simulator, and Table I are summarized of the derived results. One can see that for a control sample, the efficiency is 1.04%, but after coating with the ultra thin Al 2 O 3 , the conversion efficiency is significantly improved, which depends on the ALD cycles. The best cell appeared in two cycles of ALD Al 2 O 3 modified one is increased by 54% in average of five samples. The open-circuit voltage V oc and the short-circuit current J sc both are remarkably increased in this sample. It confirms that the ALD Al 2 O 3 suppressing the interfacial charge recombination indeed.
As the treatment was extended to 3 cycles of ALD Al 2 O 3 , on the other hand, the efficiency is little bit smaller than that in 2 cycles even the J sc is highest in all samples. When the Al 2 O 3 was deposited for 15 cycles, furthermore, the efficiency is still higher than the control one but the short-circuit current is very smaller.
We then use XRD and SEM to characterize the crystal structure and surface morphology of the porous SnO 2 film, respectively, and understand the role of ALD Al 2 O 3 coating on the DSSC efficiency improvement. The SEM images in Figure 2 show that the pores formed by SnO 2 partials are not clogged after 2 cycles of ALD Al 2 O 3 , the appearances of the pores are in the same status for with or without the ALD Al 2 O 3 coated samples. It indicates that Sci. Adv. Mater., 7, 120-126, 2015 for the 2 cycles of ALD Al 2 O 3 no block of dye absorption was appeared in the SnO 2 photoelectrode. X-ray diffraction was employed to check the crystallinity of SnO 2 after modification. The patterns of prepared SnO 2 before and after ALD Al 2 O 3 coating are shown in Figure 3 in a scan range from 20 to 80 . The diffraction peaks from the SnO 2 at 2 = 26 6 , 33.9 , 37.9 , 51.8 , and 54.8 corresponding to the (110), (101), (200), (211), (220) facets, respectively, are identical for both cases. On other word, ALD coating does not shift or suppress the diffraction peaks or crystal growth.
ARTICLE
As known the isoelectric point determines the absorption amount of the dye, the higher isoelectric point, the higher absorbed amount of dye. amount of dye shall be more. So we designed the serious experiments by coated SnO 2 with/without Al 2 O 3 and measured the absorbed amount of dye qualitatively. We examine the relationship of absorbed amount of dye with the ALD cycle when the transparent layer SnO 2 was constant at ∼3 m. After immersing in N719 dye for 24 h the absorbance was measured through a UVvis spectroscope. We find in Figure 4 that all Al 2 O 3 coated SnO 2 exhibit significantly improvement of the dye absorption amount. It can reasonably explain the results in Figure 1 and Table I that the short-circuit current in ALD treated sample were always increased with the ALD cycles whereas the open-circuit voltage is decreased after two cycles of ALD Al 2 O 3 which does not cause from the interfacial charge suppress. Due to the more dyes absorbed on the Al 2 O 3 modified SnO 2 photoelectrode, the dye traps more photos in the electrode to promote the efficiency by increasing the short-circuit current. We also observe in this figure that the absorbed amount of dye is decreased when the number of cycles is further increased. We think that is due to the thicker Al 2 O 3 coatings change the morphology of mecropore SnO 2 by filling the pores, which causes the surface area decrease and absorbing fewer dyes.
Further investigation of the Al 2 O 3 role on SnO 2 DSSC efficiency is through the measurement of the impedance of cells at constant voltage of 0.45 V under dark conditions by electrochemical impedance spectroscope (EIS). As known the impedance of the cells might confirm the interface effect between SnO 2 Al 2 O 3 dye electrolyte. From Figure 5 , the frequency range of 100 mHz to 100 kHz with a potential pulse of 10 mV in amplitude, we notice that the impedance plot of DSSCs exhibits two semicircles in the Nyquist diagram. The first semicircle is attributed to the impedance of the charge-transfer process at the counter electrode; the second semicircle is related to the charge-transfer process at the SnO 2 dye electrolyte interface. 18 The slightly high resistance in second semicircle in Figure 5 at one cycle Al 2 O 3 coating sample indicates that the Al 2 O 3 coating indeed causes the increase of the surface resistance of the SnO 2 electrode. The surface resistance is significantly increased in 5 cycles treated sample as shown Figure 5 which evidences our explanation that ALD Al 2 O 3 provides a barrier potential to suppress the interfacial charge recombination.
Based on the model of electron transfer processes in Al 2 O 3 over-layers on TiO 2 photoelectrods in Figure 6 , there are assumedly two recombination process should be considered in SnO 2 DSSC: one is the recombination of photo-generated electrons with oxidized dye molecules (in process (3) in Fig. 6) ; the other is the recombination of electrons with the oxidized redox couple (in process (5) in Fig. 6 ). Previous works concluded the reducing charge recombination in Al 2 O 3 over-layers on TiO 2 through the quantum tunneling effect. [19] [20] [21] Our results indicate this phenomenon maybe also occur in Al 2 O 3 over-layers on (1) photo generation of the dye excited state; (2) electron injection into the conduction band of nanoporous SnO 2 ; (3) photo-generated electrons recombine with oxidized dye molecules; (4) regeneration of the dye ground state by electron transfer from the redox couple; (5) electrons recombine with the oxidized redox couple; and (6) dye excited state decay to ground. 23 SnO 2 photoelectrode. We explain that Al 2 O 3 coating has a higher conduction band edge and a higher band gap than that of SnO 2 . With the increase of Al 2 O 3 thickness, the small tunneling probability (in process (2) in Fig. 6 ) lowers the quasi-Fermi level, which causes the open-circuit voltage decreasing. But in Figure 1 , the open-circuit voltage in 15 cycles of ALD Al 2 O 3 coating sample is actually increased. As well known the thickness of 15 cycles of ALD Al 2 O 3 (ca. 1.8 nm in thickness) is beyond the optimal thickness of tunneling effect, i.e., the open-circuit voltage and short-circuit current would be significantly decreased theoretically. The abnormally increasing openvoltage reminds us that there is other model for ALD Al 2 O 3 coating porous SnO 2 and promoting cell conversion efficiency. So we focus on the effect of dye absorption dominated by the experimental parameter of ALD process.
We extended the period of purge gas N 2 from 15 s to 50 s, and then TMA and H 2 O dose times from 1 s to 10 s, respectively. The UV absorption results are shown in Figure 7 . In sequence, we extended close time from 1 s to 20 s when the dose time was constant and the number of cycles was set at 10.
From UV-vis spectra in Figure 7 we find that in all conditions the dye absorption amounts are improved as shown in Figure 4 . In Figure 7 (a), however, we notice that the N 2 purge time is a rarely important to the dye absorption when close time is set at 1 s, whereas the N 2 purge time plays an important role on the dye Figure 9 shows J -V characteristics of this new dye-sensitized solar cell and the derived cell parameters are list in Table II . The highest efficiency cell is also attained in two cycles of ALD Al 2 O 3 modified SnO 2 , which increases by 94% compared to the control one. It is remarkably higher than aforementioned one in Table I . Figure 10 exhibits the coverage of the Al 2 O 3 coating on SnO 2 particles and reveals coating thickness through HRTEM. One can see that a uniform and conformal Table II . The parameters of dye-sensitized solar cell derived from Figure 9 . 22 Besides, the substrate materials also dominate the nucleation and film growth rate. 23 The abnormal ALD process parameters determining the DSSC performance reminds us to construct a model and explain these results. We assume that the depth of Al 2 O 3 , which coats on porous SnO 2 , is dependent on the ALD process parameters, on the other word, the dosing or purging periods, like 1-15-1-15 and 10-30-10-30 of ALD Al 2 O 3 . When both the closing time and purging time are shorter, the Al 2 O 3 cannot exactly deposit through the porous SnO 2 layers. The model for ALD coating SnO 2 is presumed as: (1) absorbed TMA in the near surface region nucleates after dosing H 2 O in Figure 11 
CONCLUSIONS
In summary, a porous SnO 2 photoelectrode coated by ALD alumina is explored for purpose of suppressing the interfacial charge recombination in this work. We obtain that an ultra-thin Al 2 O 3 layer coating on mesoporous SnO 2 photoelectrode significantly improves the energy conversion efficiency by the suppression of interfacial charge recombination. Besides, we found that experimental parameters of ALD Al 2 O 3 play an essential role on the cell efficiency. We assume the dye absorption shall be also responsible for improvement of solar cell. Thus we predict there is other model responding to ALD Al 2 O 3 in abnormal process parameters, which leads to more dye absorption to improve the solar cell efficiency.
